During lytic herpes simplex virus (HSV) infections, the HSV virion host shutoff protein (UL41) accelerates the turnover of host and viral mRNAs. Although the UL41 polypeptides from HSV type 1 (HSV-1) strain KOS and HSV-2 strain 333 are 87% identical, HSV-2 strains generally shut off the host more rapidly and completely than HSV-1 strains. In a previous study, we identified three regions of the HSV-2 UL41 polypeptide (amino acids 1 to 135, 208 to 243, and 365 to 492) that enhance the activity of KOS when substituted for the corresponding portions of the KOS protein (D. N. Everly, Jr., and G. S. Read, J. Virol. 71:7157-7166, 1997). These results have been extended through the analysis of more than 50 site-directed mutants of UL41 in which selected HSV-2 amino acids were introduced into an HSV-1 background and HSV-1 amino acids were introduced into the HSV-2 allele. The HSV-2 amino acids R22 and E25 were found to contribute dramatically to the greater activity of the HSV-2 allele, as did the HSV-2 amino acids A396 and S423. The substitution of six HSV-2 amino acids between residues 210 and 242 enhanced the HSV-1 activity to a lesser extent. In most cases, individual substitutions or the substitution of combinations of fewer than all six amino acids reduced the UL41 activity to less than that of KOS. The results pinpoint several type-specific amino acids that are largely responsible for the greater activity of the UL41 polypeptide of HSV-2. In addition, several spontaneous mutations that abolish detectable UL41 activity were identified.
Controls of the rate of mRNA turnover play an important role in eukaryotic gene expression (4, 37, 48) . During lytic herpes simplex virus (HSV) infections, the HSV virion host shutoff (vhs) protein (UL41) negatively regulates the half-lives of viral and cellular mRNAs (33) . Immediately after infection, copies of the vhs (UL41) polypeptide, which enter the cell as components of infecting virions, destabilize host mRNAs in the cytoplasm (14, 38, 46) . This, together with the inhibition of pre-mRNA splicing by the immediate-early polypeptide ICP27 (16, 17) , plays an important role in redirecting the cell from synthesis of cellular to viral proteins. Following the onset of viral transcription, the vhs (UL41) protein accelerates the turnover of viral mRNAs belonging to all kinetic classes (23, 28, 29, 46) . In this role, it helps determine viral mRNA levels and facilitates the sequential transition between expression of different classes of viral genes (33) .
While not lethal, mutations that inactivate the vhs polypeptide result in a 5-to 10-fold reduction in the production of progeny virus in cell culture (34, 35) , and wild-type virus rapidly outgrows vhs mutants in mixed infections (24) . In addition, recent studies indicate that the vhs function may play a significant role in HSV pathogenesis (43) (44) (45) . HSV type 2 (HSV-2)-infected fibroblasts are poorly lysed by autologous HSV-specific cytotoxic T lymphocytes (18, 21, 32, 49 ). This appears to be due, at least in part, to a block in antigen presentation by class I major histocompatibility complex molecules resulting from inhibition of the TAP antigen transporter by the immediate-early protein ICP47, combined with the vhs-mediated inhibition of major histocompatibility complex synthesis (49, 50, 52) . Furthermore, in several animal models, vhs mutants have been reported to replicate more poorly than wild-type virus and to be less pathogenic (2, 26, (43) (44) (45) .
UL41 homologues have been identified in a number of alphaherpesviruses, including HSV-1 and HSV-2 (8, 27) , varicella-zoster virus (6) , equine herpesvirus 1 (11, 47) , pseudorabies virus (3) , and bovine (40) , gallid (5) , canine (36) , and feline (51) herpesviruses. Of these, the most extensively studied have been the UL41 homologues of HSV-1 and HSV-2. Although the UL41 polypeptides of HSV-1 and HSV-2 are 87% identical (8) , HSV-2 strains generally shut off the host more rapidly and completely than HSV-1 strains (12, 15) , and the transfer of UL41 alleles between strains transfers the host shutoff phenotype (13) . Further evidence that strain-specific differences in host shutoff reflect differences in the UL41 polypeptides comes from studies using a transient-expression assay in which vhs activity was measured by the ability of a transfected UL41 allele to inhibit expression of a cotransfected reporter gene (9) . Besides demonstrating that UL41 is the only viral polypeptide required to induce mRNA degradation, this assay has the advantage that UL41 alleles can be compared in vivo in the absence of other viral gene products (19, 30) . This circumvents potential complications due to differences between the proteins with regard to interactions with other viral polypeptides, packaging, or release from virions. In this assay, both HSV-1 and HSV-2 alleles inhibited reporter gene expression in a dose-dependent fashion. However, 40-fold less of the HSV-2 allele was required to inhibit reporter expression to the same extent as the HSV-1 allele, indicating that the HSV-2 polypeptide has considerably greater mRNA degradative activity (9) .
The existence of naturally occurring UL41 variants that have similar sequences but different activities offers an attractive system for identifying residues that modulate vhs activity. In an earlier study, we used the cotransfection assay to compare the activities of a series of chimeric UL41 alleles containing vari-ous mixtures of HSV-1 and HSV-2 sequences (9) . The results identified three regions (amino acids 1 to 135, 208 to 243, and 365 to 492) of the UL41 polypeptide from HSV-2 strain 333 which significantly enhance the activity of HSV-1 KOS when substituted for the corresponding amino acids of the KOS protein. In this study, we extend these results through the analysis of more than 50 site-directed mutants of UL41 in which selected HSV-2 amino acids were introduced into an HSV-1 background and HSV-1 amino acids were introduced into the HSV-2 allele. The results pinpoint several type-specific amino acids that are largely responsible for the greater activity of the UL41 polypeptide of HSV-2.
MATERIALS AND METHODS
Cells. Vero cells were purchased from the American Type Culture Collection and maintained in Eagle's minimum essential medium (GIBCO) supplemented with 10% (vol/vol) calf serum and antibiotics as described previously (9, 29, 30) .
Plasmids. The plasmids pKOS and p333, containing the UL41 open reading frames from HSV-1 strain KOS and HSV-2 strain 333 cloned into the vector pcDNAI (Invitrogen), have been described previously (9) . The plasmids p3/ K(135), pK/3/K(208,243), and pK/3(365) encode chimeric UL41 alleles containing various combinations of HSV-1 and HSV-2 sequences and have also been described previously (9) . For this study, the UL41-containing inserts were excised from pKOS, p333, p3/K(135), pK/3/K(208,243), and pK/3(365) by digestion with HindIII and XbaI and recloned between the corresponding sites of the vector pcDNA1.1amp (Invitrogen) to yield pKOSamp, p333amp, p3/K(135)amp, pK/3/ K(208,243)amp, and pK/3(365)amp, respectively. Each of these plasmids contains a UL41 open reading frame cloned downstream from the cytomegalovirus (CMV) immediate-early promoter as well as a promoter for T7 RNA polymerase. In each case, sequence analysis confirmed that the authentic UL41 start codon is the first AUG from the 5Ј end of mRNAs produced in vivo from the CMV immediate-early promoter or by in vitro transcription with T7 RNA polymerase. These pcDNA1.1amp-derived plasmids were the parental plasmids for the construction of all site-directed mutants.
Site-directed mutagenesis. UL41 alleles were mutagenized by using the Chameleon Double-Stranded, Site-Directed Mutagenesis Kit (Stratagene) according to a modification of the manufacturer's protocol. Synthetic oligonucleotide primers, modified by 5Ј phosphorylation, were purchased from Integrated DNA Technologies (Coralville, Iowa). Briefly, the UL41-containing plasmids were denatured and annealed with two synthetic primers, both of which were complementary to the same DNA strand. The first, termed the mutagenic primer, contained the desired nucleotide changes within UL41. Typically, these changes caused an alteration of one or more amino acids of UL41 and created or destroyed a restriction site within the gene. The second primer, termed the selection primer, contained nucleotide changes which inactivated a unique restriction site (the selection site) outside UL41. The primers were extended with T7 DNA polymerase, and the resulting plasmids were treated with T4 DNA ligase. These were digested with the restriction enzyme that cleaves the starting plasmid at the selection site. Due to a mismatch at the selection site, plasmids containing the annealed selection primer were not cleaved and remained circular. The DNA mixture was then used to transform the XLmutS strain of Escherichia coli (Stratagene) that is deficient in mismatch repair. Because transformation is more efficient for circular than linear DNA molecules, this enriched for plasmids containing alterations at the selection site. A batch preparation of plasmid DNA was made from the transformants, digested with the selection site endonuclease, and used to transform E. coli TOP10FЈ (Invitrogen), resulting in a second step of enrichment. Plasmids were prepared from individual transformants and screened for resistance to the selection site endonuclease, as well as for the creation or destruction of the restriction site within UL41. Candidate mutants were sequenced to confirm that they contained the desired mutations within UL41 and evaluated by in vitro transcription and translation to confirm that they encoded a UL41 polypeptide of the expected molecular mass. Multiple mutations were created in UL41 by a combination of two strategies. In the first strategy, selection primers were designed in pairs such that the first primer destroyed one unique restriction site while creating a unique site for another enzyme. The second selection primer destroyed the second site and recreated the first. For example, mutagenesis near the 5Ј end of UL41 was accomplished with a pair of selection primers, one of which destroyed an EcoRI site in the polylinker and created a unique SalI site. The other selection primer changed the SalI site back to one cleaved by EcoRI. In the first round of mutagenesis, a mutagenic primer was paired with the first selection primer, and the transformants were screened for plasmids that were resistant to EcoRI and sensitive to SalI. Subsequently, additional mutations were added to UL41, using another mutagenic primer paired with the second selection primer, and screening the transformants for plasmids that were resistant to SalI and sensitive to EcoRI. Using this approach, it was possible to construct multiple mutations in UL41 through the successive use of mutagenic primers paired alternately with selection primers that changed the selection site back and forth between an EcoRI site and a SalI site. A similar strategy was used to mutagenize the 3Ј end of UL41, using a pair of selection primers which alternated between creating and destroying sites for XbaI and XhoI.
The second way that multiple mutations were introduced into UL41 was by using multiple mutagenic primers along with one selection primer in a single round of mutagenesis. Provided the mutagenic primers did not overlap, several mutations could be introduced at the same time. By using a combination of the two strategies, UL41 alleles were constructed containing as many as eight amino acid differences from the parent allele.
The structures of the parent alleles that were used for site-directed mutagenesis are shown in Fig. 1 , and the structures of the various mutants are shown in Fig. 2 to 7 . Each mutant was given a name that reflects the amino acids at which it differs from its parent. Thus, the mutant RRE19 was derived from the KOS allele and differs from it by the presence of an arginine at position 19, an arginine at position 22, and a glutamic acid at position 25. Construction of many of the mutants involved multiple mutagenic steps, which are summarized in Tables 1  and 2 . For example, RRE19 (mutant 1 in Table 1 ) was constructed in a two-step process in which the KOS allele was first mutated to RSE19 (mutant 4 in Table  1 ) and then RSE19 was mutated to RRE19. Several of the mutants (mutant 5 in Table 1 and mutants 54, 55, and 56 in Table 2 ) contain both deliberately constructed mutations and spontaneous mutations that occurred during mutant construction, which were identified by sequencing of the mutant alleles.
DNA isolation and sequencing. Plasmids for transfections and sequencing were prepared from bacterial lysates by using the MidiPrep and MaxiPrep systems as recommended by the manufacturer (Qiagen Corp.). Sequencing of the UL41 alleles was accomplished with an Applied Biosystems model 377 DNA Sequencer in the Molecular Biology Core Facility of the University of MissouriKansas City.
Transient-expression assay for vhs activity. vhs activity was measured, as described previously (9), by determining the ability of a transfected UL41 allele to inhibit expression of a cotransfected reporter plasmid containing the E. coli lacZ gene under the control of the simian virus 40 early promoter and enhancer. Transfections were performed by using the Profection Mammalian Transfection System (Promega) according to the manufacturer's instructions. Briefly, Vero cells were plated the day before transfection in 60-mm-diameter petri dishes at a density of 2.5 ϫ 10 4 cells/cm 2 . Three hours before transfection, the medium was replaced with fresh Eagle's minimum essential medium containing 10% (vol/vol) calf serum. The cultures were transfected with 0.6-ml aliquots containing calcium phosphate coprecipitates of 3 g of the reporter plasmid pSV-␤-Galactosidase (Promega) and various amounts of a UL41-containing effector plasmid. Each transfection mixture also contained enough vector to maintain the amount of CMV promoter sequences (effector plasmid plus vector) equal to 0.73 pmol (3.36 g of pKOSamp is 0.73 pmol), and enough salmon sperm carrier DNA to bring the total amount of DNA to 12 g.
Cell extracts were prepared 40 to 48 h after transfection and assayed for reporter gene expression by using a ␤-galactosidase enzyme assay system purchased from Promega (Madison, Wis.). Briefly, cell extracts were aliquoted into 96-well trays and mixed with substrate, and the absorbance at 405 nm was determined at various times over a 60-min interval by using a Thermo Max Microplate Reader (Molecular Devices, Sunnyvale, Calif.). The ␤-galactosidase activity in each well was determined from the initial velocity of the enzyme reaction. In each experiment, triplicate cultures were transfected with each concentration of effector plasmid. For each culture, the amount of ␤-galactosidase activity was expressed as a fraction of that observed in transfections involving 0.73 pmol of vector without any UL41-containing effector plasmid. For each effector allele, the data were plotted to yield a dose-response curve showing inhibition of reporter gene expression as a function of the concentration of effector DNA. A curve was fitted to the data by third-order regression analysis with SigmaPlot version 2.02 (Jandel Scientific, San Rafael, Calif.) and used to determine the concentration of effector DNA required to reduce the reporter gene expression to 30% of the control value ( Homology searches and alignments. Searches for UL41 homologues were performed by comparing the sequence of the UL41 protein from HSV-1 KOS to other known protein sequences with the BLAST search program (1). UL41 homologues from the various alphaherpesviruses were aligned by using the ClustalW alignment algorithm of MacVector version 6.0 (Oxford Molecular, Campbell, Calif.).
RESULTS
Activities of wild-type and chimeric UL41 alleles. In an earlier study (9) , we compared the activities of UL41 alleles from HSV-1 (strain KOS) and HSV-2 (strain 333) by using an assay in which cells were transfected with a constant amount of a lacZ reporter gene and increasing amounts of a UL41 allele. UL41 allele to inhibit lacZ expression (9) . This assay allows the activities of UL41 polypeptides to be compared in vivo in the absence of other viral gene products. This is important because during virus infections, interactions with other viral proteins are likely to influence the activity of the UL41 polypeptide. vhs has been shown to interact with VP16 in vitro and in the yeast two-hybrid system (39, 41) , and interactions with VP16 have been implicated as important in controlling the activity of newly synthesized copies of the vhs (UL41) polypeptide at late times during virus infections (25) . Interactions with VP16 and/or other viral proteins may be important for packaging of the vhs (UL41) protein into virus, and disruption of these interactions may be required for its release from incoming virions. Mutations that prevent vhs packaging or its release from infecting virions would result in virus lacking virion host shutoff activity, even if the UL41 protein still retained mRNA degradative activity. For these reasons, it was desirable to assay the activity of UL41 alleles in the absence of other viral proteins.
In the cotransfection assay, both HSV-1 and HSV-2 alleles inhibited reporter gene expression over a range of transfected vhs DNA concentrations. However, 40-fold less of the HSV-2 allele was required to yield the same level of inhibition as HSV-1, indicating that the HSV-2 allele encodes a significantly more active UL41 polypeptide than its HSV-1 homologue ( Fig.   1 ) (9) . The assay also was used to examine a series of chimeric UL41 alleles containing various combinations of HSV-1 and HSV-2 sequences (9). The structures of key chimeric alleles and their dose-response curves are shown in Fig. 1 . The chimera 3/K(135) encodes a UL41 polypeptide with the first 135 amino acids from HSV-2 (strain 333) fused to amino acids 136 through 489 of KOS. This allele inhibited reporter gene expression at vhs DNA concentrations that were 40-fold less than those required for the KOS allele ( Fig. 1 ) and was only slightly less active, in this assay, than the wild-type strain 333 allele. The chimera K/3(365) encodes a polypeptide with the first 365 amino acids from KOS fused to amino acids 366 through 492 from strain 333. This allele did not inhibit reporter expression as well as 3/K(135) but still was significantly more active than KOS, requiring 10-fold-lower vhs DNA concentrations to yield the same level of inhibition. The chimera K/3/K(208;243) encodes a polypeptide with amino acids 208 to 243 from strain 333 sandwiched between amino acids 1 to 135 and 244 to 489 from KOS. It was the least active of the chimeras; however, it was still significantly more active than KOS, requiring approximately 2.5-fold-lower DNA concentrations to yield the same level of inhibition. Examination of these chimeric UL41 alleles identified three regions of the strain 333 polypeptide (amino acids 1 to 135, 208 to 243, and 365 to 492) that increase the activity of KOS when substituted for the corresponding amino Mutations in region 1 (amino acids 1 to 135). Within the first 135 amino acids of UL41, the strain KOS and 333 polypeptides differ at 10 locations (see Fig. 2 ). To determine which of these differences contribute to the greater activity of the strain 333 polypeptide, the wild-type KOS allele was mutated to introduce selected strain 333 amino acids into an otherwise KOS background. Dose-response curves were determined for each of the alleles and used to determine the concentration of the mutant allele ([DNA] 0.3 ) that reduced lacZ expression to 30% of the control value. These values are shown in Fig. 2 and  3 along with the structures of the mutant alleles.
The alleles SMR65;ET86 and SMR65;ET86;F131 (Fig. 2 ) both contained clusters of strain 333-specific amino acids located between residues 65 and 131. Neither allele was more active than KOS, indicating that the introduction of these HSV-2 residues, by themselves, did not enhance the KOS activity. Interestingly, the allele RRE19;SMR65, which encodes strain 333-specific amino acids at positions 19, 22, 25, 65, 66, and 68, inhibited reporter gene expression almost as much as the 3/K(135) chimera (Fig. 2) . SMR65 (Fig. 2) , which contains the cluster of changes at positions 65, 66, and 68, was not appreciably more active than KOS. In contrast, RRE19, which contains the strain 333-specific cluster R19, R22, and E25, was just as active as RRE19;SMR65 and the 3/K(135) chimera (Fig. 2) . Thus, the presence of one or more of the strain 333-specific amino acids at positions 19, 22, and 25 was able to greatly enhance UL41 activity when introduced into an otherwise KOS polypeptide. This effect was due primarily to R22 and E25, since the mutant R22;E25;SMR65 was just as active as RRE19;SMR65 or RRE19 (Fig. 2) . In addition, although the mutants R22;SMR65 and E25;SMR65 were both more active than KOS, neither was as active as R22;E25;SMR65 (Fig. 2) indicating that the combination of R22;E25 was necessary for the full effect. The results indicate that the combination of strain 333-specific amino acids R22 and E25 is able to greatly enhance UL41 activity when introduced into an otherwise KOS polypeptide.
During mutagenesis of region 1, an error in the design of a mutagenic primer led to the construction of the mutant RSE19, which contains the amino acids R19, S22, and E25 in an otherwise KOS background (Fig. 3) . This mutant was significantly more active than the parental KOS allele, although it did not inhibit reporter gene expression quite as well as the RRE19 allele (Fig. 3) . Interestingly, the UL41 homologues encoded by varicella-zoster and pseudorabies viruses contain a serine at position 22, while the UL41 polypeptides of equine herpesvirus 1 and bovine and gallid herpesviruses contain a threonine at residue 22 (see Fig. 8 ). The effect of the RSE19 cluster in enhancing the activity of the KOS allele was augmented somewhat by the presence of the cluster of strain 333-specific amino acids S65, M66, and R68. Thus, the mutant RSE19;SMR65 (Fig. 3) inhibited reporter gene expression just as much as RRE19. This augmentation was also caused by just S65, just M66, or a combination of the two (Fig. 3) . Taken together, the data indicate that, in an otherwise KOS background, the activity of UL41 is greatly affected by the identities of amino acids 22 and 25. The combination of strain 333-specific residues R22 and E25 is primarily responsible for the enhanced activity of the chimeric 3/K(135) allele. The cluster R19, S22, and E25 also enhances the KOS activity, an effect which is augmented by strain 333-specific residues at positions 65 and 66.
Mutations in region 3 (amino acids 365 to 489). The chimera K/3(365) differs from KOS at 15 codons scattered between positions 374 and 472 (Fig. 4) . K/3(365) was significantly more active than KOS, requiring only 10% as much vhs DNA to cause equal inhibition of lacZ expression ( Fig. 1 and Fig. 4) . Initially, site-directed mutagenesis was used to introduce strain 333-specific amino acids into an otherwise KOS background. The mutant A396;S423;WAH470 differs from KOS at only five locations (Fig. 4) . Nevertheless, it inhibited lacZ expression, if anything, slightly better than the K/3(365) chimera. The mutant WAH470 contains the triplet of strain 333-specific amino acids W470, A471, and H472, yet it inhibited reporter expression no better than KOS (Fig. 4) . In contrast, the mutants A396 and S423, each of which is identical to KOS except for one amino acid, were as active as the K/3(365) chimera (Fig. 4) , and the double mutant A396;S423 was even more active ( Fig.  5 and Fig. 4) .
To further investigate the implication that A396 and S423 are important to the greater activity of the strain 333 allele, the K/3(365) chimera was mutated to revert these residues to their KOS counterparts. Rev 423 is identical to K/3(365) except for the presence of a KOS-specific glycine at residue 423 (Fig. 5) . This allele was indistinguishable from KOS in the cotransfection assay, supporting the conclusion that S423 is key to the enhanced activity of strain 333. The mutant Rev 396 is identical to K/3(365) except for a serine at position 396 (Fig. 5) . Interestingly, this allele was less active than KOS in the cotransfection assay. Even more striking was the observation that Rev 396;423, which has KOS-specific amino acids at both positions, was even less active than Rev 396 (Fig. 5) . Taken together, the data indicate that alanine 396 and serine 423 are key to the greater UL41 activity of HSV-2 (strain 333). Furthermore, in the absence of these two strain 333-specific amino acids, a UL41 polypeptide containing the 13 other strain 333-specific residues within region 3 is actually less active than the KOS protein.
Mutations in region 2 (amino acids 208 to 243). The last chimera that was found to be significantly more active than KOS in the transient-expression assay is K/3/K(208;243). This allele encodes a polypeptide that differs from KOS at six locations scattered between amino acids 210 and 242 (Fig. 6) . While more active than KOS, it was less active than either 3/K(135) or K/3(365), requiring 40% as much vhs DNA to yield the same level of inhibition as KOS (Fig. 1, 6, and 7) . Rev 210 contains five of the six strain 333-specific amino acids, lacking only histidine 210, and inhibited lacZ expression as readily as the K/3/K(208;243) chimera (Fig. 6 ). This suggests that histidine 210 is not required for the greater activity of strain 333. The mutant G230 is identical to KOS except for a glycine at position 230. Nevertheless, it was significantly more active, requiring only two-thirds as much vhs DNA to yield equivalent inhibition (Fig. 6) . vhs activity was accentuated even more for the double mutant T229;G230 (Fig. 6) , indicating that this pair of strain 333-specific amino acids enhances vhs activity in an otherwise KOS background.
Interestingly, Rev (240;242), which contains the T229;G230 pair along with two other strain 333-specific amino acids, was less active than the parental KOS allele (Fig. 6 ). This was even more the case for the mutant H210, which is identical to KOS except for a histidine at position 210 (Fig. 7) . In fact, the activity of this mutant was so low that a value of [DNA] 0.3 could not be determined because it failed to inhibit lacZ expression to 30% of the control value for every DNA concentration that was tested. Inclusion of the pair of strain 333-specific residues T229 and G230 along with histidine 210 increased the inhibitory activity of the allele somewhat (H210; T229;G230), but not to the level of KOS (Fig. 7) . A similar observation was made for Rev 230, which is identical to the K/3/K(208;243) chimera except at amino acid 230 yet was not as active as KOS (Fig. 7) . In sum, the strain 333-specific residue histidine 210 inhibited vhs activity when introduced into an otherwise KOS background, and most or all of the other five 333-specific residues were required to restore activity to that of the K/3/K(208;243) chimera.
Spontaneous mutations.
During mutant construction, several UL41 alleles were isolated that had lost all ability to inhibit reporter gene expression in the transient-expression assay. Upon sequencing, these alleles were found to contain several spontaneous point mutations and deletions. The allele Rev 423; FrSh 425 contains a deletion of the first base of codon 426 in a background of the Rev 423 allele. As was seen in Fig.  7 , Rev 423 has a vhs activity that is indistinguishable from that of KOS. The deletion in Rev 423; FrSh 425 causes a frameshift, resulting in production of a 432-amino-acid UL41 polypeptide containing the first 425 amino acids of Rev 423 fused to the sequence SGDPGLF. As can be seen in Fig. 8 , this allele lacked detectable vhs activity, suggesting that sequences beyond amino acid 425 are critical to vhs activity.
The allele Q11;RSE19;H435 contains a point mutation that changes arginine 435 to histidine, in a background that is Nevertheless, Q11;RSE19;H435 failed to inhibit reporter gene expression, even though Q11;RSE19 was almost as active as the RSE19 allele and considerably more active than KOS (Fig.  8) . Thus, a change of arginine to histidine at position 435 abolished detectable vhs activity. Similarly, the allele RSE19;F131;RLQ200 is identical to RSE19 except for the four amino acids F131, R200, L201, and Q200. Nevertheless, it failed to inhibit reporter gene expression in the transient-expression assay (Fig. 8 ). This loss of activity probably was not due to the change of serine to phenylalanine at position 131, since the same mutation did not adversely affect the activity of the SMR65;ET86 allele (compare the SMR65;ET86 and SMR65;ET86;F131 alleles in Fig.  2) . Thus, the change of leucine 200, tyrosine 201, and histidine 202 to arginine, leucine, and glutamine, respectively, appears to abrogate UL41 activity.
DISCUSSION
This study identifies several type-specific amino acids that are largely responsible for the difference in mRNA degradative activities of the UL41 homologues of HSV-1(KOS) and HSV-2 (333). In an earlier report (9), we identified three regions of the strain 333 polypeptide that significantly enhance the activity of KOS when substituted for the corresponding portions of the HSV-1 protein, either singly or in combination. As is shown in Fig. 9 , these regions overlap stretches of amino acids that are conserved in the UL41 homologues of the other alphaherpesviruses (9, 19) . These results have now been extended through the use of site-directed mutagenesis to introduce selected strain 333-specific amino acids into an HSV-1 background and to revert strain 333-specific amino acids to their HSV-1 counterparts.
The key amino acids responsible for the type-specific difference in UL41 activity are summarized in Fig. 9 . The most dramatic effect was seen for an allele containing just three strain 333-specific amino acids (arginine 19, arginine 22, and glutamic acid 25) in an otherwise KOS background. This allele inhibited reporter gene expression just as efficiently as an intertypic chimera [3/K(135)] containing 10 HSV-2 specific residues scattered between positions 11 and 131, and almost as well as the parental HSV-2 allele. Comparison of alleles containing various combinations of these three amino acids suggested that the enhancement was due primarily to arginine 22 and glutamic acid 25 and that, although by itself either residue enhanced activity somewhat, the full effect required the pair of strain 333-specific amino acids. Similarly, an allele with just two strain 333-specific amino acids (alanine 396 and serine 423) inhibited lacZ expression even more efficiently than the chimera K/3(365), which has 14 HSV-2 amino acids scattered between positions 374 and 472. While this allele did not inhibit the reporter quite as well as the parental strain 333 allele, it was substantially more active than KOS, requiring 10 times less UL41 DNA to achieve the same level of inhibition. Taken together, the data indicate that four HSV-2-specific amino acids (R22, E25, A396, and S423) can account for much of the difference in activities of the UL41 alleles from strains KOS and 333.
Although not as dramatic in their effect as changes at positions 22, 25, 396, and 423, the introduction of six strain 333-specific amino acids between residues 210 and 242 had a modest but reproducible effect upon UL41 activity. Thus, the chimera K/3/K(208;243) required two and one half times less UL41 DNA to yield the same level of inhibition as KOS ( Fig.  1 and 6) (9) . Some enhancement of KOS activity could be obtained by introducing the strain 333-specific residues, threonine 229 and glycine 230. However, the full effect required the substitution of all six strain 333-specific amino acids for their KOS counterparts. Interestingly, in several instances, the substitution of fewer than all six strain 333-specific amino acids resulted in UL41 alleles that inhibited lacZ expression less efficiently than the parental KOS allele. The most striking example was the substitution of a strain 333-specific histidine for tyrosine at position 210, which almost abolished UL41 activ- ity. The data are consistent with the possibilities that these six amino acids are part of a single functional domain and that they must be altered in a coordinated fashion to maintain activity.
Comparison of the UL41 alleles of alphaherpesviruses reveals a preference for certain amino acids at some of the key positions identified above (Fig. 9) . Thus, 8 of 11 alleles have a serine or threonine at position 423, while all 11 have alanine, serine, or threonine at position 396. Although both of the sequenced HSV-1 alleles have a glycine at position 22, and both HSV-2 alleles have an arginine, the UL41 alleles of five other alphaherpesviruses have a serine or threonine at this position. Interestingly, alteration of the KOS allele to introduce a serine at position 22, along with a glutamic acid at position 25, significantly increased its activity.
In all likelihood, UL41 polypeptides contain certain amino acids or motifs that are absolutely required for activity, as well as others that, while not required, modulate the amplitude of the activity. Amino acids that vary between the HSV-1 and HSV-2 polypeptides and are responsible for the difference in their activities probably fall into the second category. Many of the required amino acids may be invariant between UL41 alleles or undergo only conservative changes. These may include amino acids that were altered in the spontaneous mutants that had lost all UL41 activity. In this study, a point mutation that changed arginine 435 to histidine resulted in a UL41 allele that lacked activity. This effect could not be explained simply by an alteration in the charge of the protein, since both arginine and histidine are positively charged at neutral pH. Interestingly, arginine 435 is invariant in all UL41 alleles that have been sequenced (Fig. 10) , suggesting that it may be a required residue for vhs activity. Similarly, a cluster of point mutations that changed leucine 200, tyrosine 201, and histidine 202 to arginine, leucine, and glutamine, respectively, abolished detectable UL41 activity. This triplet of amino acids is highly conserved among the currently sequenced UL41 alleles (Fig. 9) , with the only variations being the conservative change of tyrosine 201 to phenylalanine in two of the alleles. Leucine 200 is also homologous to a leucine that is conserved in a number of cellular nucleases with homology to UL41 (9, 10) , further supporting the idea that it may be a required amino acid for UL41 activity.
In addition to these point mutations, a UL41 allele containing a frameshift after codon 425 was inactive in the transientexpression assay, suggesting that some amino acids between positions 426 and 489 are required for mRNA degradative activity. This is consistent with the earlier finding that a nonsense mutant allele encoding a 382-amino-acid UL41 polypeptide was inactive in the transient-expression assay and produced vhs-deficient virions after introduction into virus (30) . This was true even though the truncated UL41 polypeptide was incorporated into virions. Similarly, Strelow and Leib reported that virions carrying a nonsense mutation that truncated the UL41 polypeptide at 460 amino acids lacked virion host shutoff activity, although they did not show that the mutant polypeptide was incorporated into virus (45) .
All of the experiments in this study utilized a transientexpression assay of vhs activity that measures the ability of a transfected UL41 allele to inhibit expression of a cotransfected lacZ reporter gene. During virus infections, the vhs activity of HSV strains may differ for a variety of reasons. The UL41 polypeptides may differ in mRNA degradative activity, with regard to how much of the protein is incorporated into virions, or how rapidly and efficiently it is released from incoming virus particles. While all these factors ultimately may be important, a useful first step in deciphering strain-specific differences in vhs activity would be to compare the mRNA degradative activities of UL41 polypeptides in the absence of potential complications due to interactions with other viral gene products.
The transient-expression assay of UL41 activity offers this advantage. Nevertheless, the results from these experiments should be interpreted with the caveat that, because different transfected UL41 alleles may express different amounts of the UL41 polypeptide, the assay does not permit a truly quantitative measurement of the specific mRNA degradative activities of different UL41 proteins. For example, some mutations might result in UL41 proteins with increased stability, leading to increased amounts of the polypeptide within transfected cells. These alleles might be perceived as more active in the transient-expression assay even if the UL41 polypeptides do not have enhanced mRNA degradative activity. This does not appear to be the explanation for the increased activity of the 3/K(135) allele, the most active of the intertypic chimeras. Examination of transfected cells by indirect immunofluorescence and Western blotting indicates that there is significantly less of the UL41 polypeptide in cells transfected with the 3/K(135) chimera than in those transfected with the parental KOS allele (31) . Conversely, for a number of mutant UL41 alleles that have decreased activity in the transient-expression assay, the vhs polypeptides are expressed at higher levels than is the KOS protein (10, 30) . Thus, the transient-expression assay appears to underestimate the difference between the activities of many of the most active and least active UL41 alleles, since the polypeptides encoded by the more active alleles are present in lower amounts than the proteins encoded by the less active alleles. In sum, the results of the current study indicate that the UL41 polypeptides of strains KOS and 333 differ in their intrinsic mRNA degradative activities. However, one cannot exclude the possibilities that, within infected cells, they also differ in their interactions with other viral proteins, and that this contributes to the difference in the host shutoff activities of HSV-1 and HSV-2. Efforts are under way to introduce some of the mutant UL41 alleles into virus to examine their activities in the context of a virus infection.
While these studies identify several amino acids that modulate UL41 activity, they do not indicate why these residues should have such a major effect upon vhs function. This is because the precise activity of the UL41 protein remains to be determined. Specifically, it is unclear whether UL41 is itself a RNase or somehow activates a cellular enzyme. Data suggesting that the vhs protein is a RNase include the observation that it shares regions of sequence homology with a number of nucleases from mammalian cells, Saccharomyces cerevisiae, and bacteria (7, 9, 10) . Site-directed mutagenesis of several UL41 residues corresponding to amino acids critical to the nuclease activity of cellular homologues shows that they are critical to vhs activity as well (10) . In addition, extracts of partially purified virions exhibit a RNase activity that appears to be vhs dependent since it is present in extracts of wild-type but not vhs mutant virions and can be blocked by UL41-specific antisera (53) . If UL41 indeed is a RNase, a number of questions remain concerning its specificity or targeting. First, while vhs degrades FIG. 8. Dose-response curves for the inhibition of reporter gene expression by spontaneous and site-directed mutants of UL41. Replicate Vero cell cultures were transfected with 3 g of the reporter plasmid pSV-␤-Galactosidase and the indicated amounts of UL41-expressing effector plasmids. lacZ expression was determined 40 to 48 h after transfection and expressed as a fraction of that observed for transfections involving the pcDNA1.1amp vector and no UL41 effector plasmid. Error bars represent standard errors of the means. For datum points where no error bars are visible, the error bars were smaller than the datum points.
mRNAs, a number of its putative cellular homologues have DNase activity. It is unclear what features of the UL41 protein restrict it to RNA. Second, although vhs does not appear to discriminate between different kinds of mRNA, it exhibits a strong preference for mRNAs over non-mRNAs. This is true both in vivo (29, 38, 46) and in in vitro reactions involving cytoplasmic extracts from infected cells (22, 42) . In addition, recent studies indicate that the in vivo degradation of at least one target mRNA initiates at or near the 5Ј end of the mRNA (20) . Whether this was due to targeting of the vhs protein to 5Ј ends or to regions of translation initiation is unclear. In contrast, the RNase activity observed in virion extracts was not FIG. 9 . Summary of the residues important to type-specific differences in UL41 activity. The UL41 polypeptide of HSV-1 (strain KOS) is depicted by the open rectangle at the top of the figure. The short vertical lines above the rectangle indicate the sites at which the strain KOS and 333 polypeptides differ (9) . Replacement of the shaded regions of the KOS polypeptide (amino acids 1 to 135, 208 to 243, and 365 to 489) with the corresponding regions of the HSV-2 (strain 333) polypeptide has been shown to significantly enhance UL41 activity (9) . The regions of the KOS polypeptide that are conserved in the UL41 homologues of the alphaherpesviruses are summarized, with roman numerals I through IV referring to the conserved regions identified by Berthomme and coworkers (3), while the region labeled A was identified by Jones and colleagues (19) . The sequences of UL41 homologues corresponding to the portions of the HSV-1 and HSV-2 polypeptides that are responsible for type-specific differences are shown in the middle and lower portions of the figure. The sequences of the various UL41 homologues are taken from references cited in the text. The amino acids identified in this study as being important for the difference in UL41 activity of HSV-1(KOS) and HSV-2(333) are highlighted by white type in black boxes. Amino acid numbers refer to the positions of the KOS residues. Sequences between amino acids 398 and 421 were omitted (indicated by ϳ). Threonine 214 that is mutated to isoleucine in the mutant vhs 1 is indicated by an arrow. The triplet of amino acids (leucine 200, tyrosine 201, and histidine 202) that is altered in one of the spontaneous mutants is indicated by the light shading in the bottom portion of the figure. Abbreviations: EHV, equine herpesvirus; HV-2, herpesvirus 2; BHV, bovine herpesvirus; PRV, pseudorabies virus; VZV, varicella-zoster virus.
restricted to mRNAs and cleaved target RNAs at multiple internal sites (53) . The data are consistent with the possibility that the purified UL41 polypeptide will turn out to be a RNase with significantly less specificity than that which is observed in vivo. The precise nature of the UL41 activity and how it is targeted are questions that will be answered by further genetic and biochemical characterization of the vhs polypeptide.
